ABSTRACT. Hand, foot, and mouth disease (HFMD) is a systemic illness in children and is usually caused by enterovirus 71 (EV71). To provide new insights into the genetic features of EV71 and the relationship between the overall codon usage pattern of this virus and that of humans, values for relative synonymous codon usage (RSCU), effective number of codons (ENC), codon adaptation index (CAI), and nucleotide composition were calculated and analyzed. The relationship between ENC values and (G+C) 3 % suggests that, although nucleotide composition plays an important role in shaping the overall codon usage pattern of this virus, other factors also affect this pattern. In addition, the negative correlation between the CAI value and (G+C) 3 % suggests that the secondary structure of the EV71 coding sequence caused by its nucleotide composition can affect gene expression. Moreover, there was no significant correlation between ENC and CAI, suggesting that gene expression does not play a role in shaping the overall codon usage pattern of EV71. The overall codon usage pattern of the EV71 virus is only partly similar to the general codon pattern of human, suggesting that, although EV71 has co-evolved with humans for extended periods, mutation pressure played an important role in shaping the virus's overall codon 337 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 13 (1): 336-343 (2014) Enterovirus 71 related to hand, foot and mouth disease usage pattern. These results revealed that the EV71 virus has developed a subtle strategy during evolution for adapting to environmental changes in its host cells solely by means of mutation pressure.
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INTRODUCTION
Hand, foot, and mouth disease (HFMD) is a systemic illness that occurs in children and is usually caused by a human enterovirus. Enterovirus 71 (EV71) is one of the group of viruses that can give rise to the HFMD clinical syndrome (Blomberg et al., 1974) . EV71 is a member of the Enterovirus genus of the Picornaviridae family. It is a positive-strand RNA virus with a genome size of about 7500 bp and a typical genetic organization. Similar to the findings for other members of this family, the antigenic diversity of this virus mainly arises from variations in the four structural proteins, VP1 -VP4. The VP1 gene contains the most informative region of the enterovirus genome for understanding evolutionary relationships in that it possesses a neutralization determinant and also for understanding the genetic diversity associated with serotypes (Oberste et al., 1999) . There have been indications that recombination may play a more important role than positive selection in the development of genetic diversity, even though evidence for positive selection was noted in VP1 . These results probably imply that the EV71 evolutionary process is comprehensive and systemic. For example, enterovirus neurovirulence is a complex phenotypic feature that is probably shaped by more than one region of the EV71 genome (McMinn, 2002) . It is accepted that the nucleotide composition of ORFs is selective rather than random because the information in the protein sequence and the development of codon usage bias arise from this non-randomness of nucleotide composition. In general, translation selection and compositional constraints under mutational pressure are thought to be the major factors accounting for codon usage variation between genomes in microorganisms. In some RNA viruses, mutation pressure plays an important role in synonymous codon usage pattern relative to that of translation selection (Levin and Whittome, 2000; Jenkins and Holmes, 2003; Gu et al., 2004) .
Traditional treatment for HFMD simply consists of palliative care for relieving the clinical symptoms to some degree; hence, an effective vaccine against EV71 would play a key role in protecting children against this virus. However, RNA viruses exhibit high variability in genes encoding their structural proteins; therefore, vaccines are of limited effectiveness in protecting children from EV71. This situation has made researchers aware of the importance of analyzing EV71 genetic diversity (Bible et al., 2008) . In analyses of genetic diversity or evolution of a particular virus, the characteristics of the sequence encoding its structural proteins is a focus area, but the whole encoding sequence probably stores more genetic or evolutionary information. Thus, the codon usage pattern of the ORF may be important in determining the molecular mechanisms and evolutionary processes of EV71, separate from responses to the host cell, thus permitting effective vaccines to be developed. In our study, synonymous codon usage analytical methods were used to investigate the evolutionary characteristics of EV71 and to evaluate the key evolutionary determinants of codon usage bias in this virus.
MATERIAL AND METHODS

Coding sequence
The 74 open reading frames (ORF) of EV71 were downloaded from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/Genbank/), and the detailed information is listed in Table S1 . The nucleotide content of ORFs for each EV71 strain was analyzed using DNAStar 7.0 for Windows.
Calculation of the relative synonymous codon usage (RSCU) for EV71 and humans
To investigate the characteristics of synonymous codon usage among different sequences without the confounding influence of amino acid composition, the relative synonymous codon usage (RSCU) values among different codons in each ORF were calculated. The RSCU value of the i th codon for the j th amino acid was calculated according to the published equation (Sharp et al., 1986) .
Where g ij is the observed number of the i th codon for the j th amino acid that has n i types of synonymous codons. The codons with RSCU values greater than 1.0 have positive bias, while those with values less than 1.0 have relative negative bias. When the RSCU value is equal to 1.0, it means that this codon is chosen equally and randomly. Additionally, to analyze the relationship between synonymous codon usage in EV71 and human, the human synonymous codon usage frequency was obtained from the codon usage database http://www. kazusa.or.jp/codon/ (Nakamura et al., 2000) and RSCU calculated using the formula above. The RSCU data were used to evaluate the differences in synonymous codon usage between this virus and humans.
Index for codon usage of EV71
The effective number of codons (ENC), a useful estimator of absolute codon usage bias, was used to quantify the codon usage bias of the whole EV71 coding sequence. The ENC value ranges from 20 (when only one synonymous codon is chosen for the corresponding amino acid) to 61 (when all synonymous codons are used equally) (Wright, 1990) . In this study, this measure was used to evaluate the degree of codon usage bias in coding sequences for the proteins of EV71.
Codon Adaptation Index (CAI) was used to estimate the extent of bias towards codon usage; this is known to be higher in highly expressed genes. The CAI value lies between 0.0 and 1.0, with higher values indicating more bias (Sharp and Li, 1987) . CAI has been shown to be the best gene expression value index and is extensively used as a measure of gene expression levels.
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RESULTS
Overall codon usage, amino acid usage and nucleotide composition constraint analysis
The EV71 genome is a single positive RNA strand with an A+U content of 52.3%. Because it is AU rich, it was expected that codons ending in A or U would predominate in coding regions of this RNA virus. Indeed, the optimal codons for the ten AU-rich amino acids (Ala, Arg, Asp, Cys, Glu, Gly, Ile, Phe, Pro, and Ser) were specified by codons ending in A or U, while Asn, Glu, His, Leu, Lys, Thr, Tyr, and Val were specified by optimal ones ending with C or G (Table 1 ). This non-randomness in synonymous codon usage pattern could be attributed to mutational bias or to translation selection favoring specific codons. These results suggest that mutational pressure and translational selection from the host both play important roles in the evolutionary process of this RNA virus. A plot (Nc plot) of effective number of codons (ENC) and G+C base composition at the third synonymous position, (G+C) 3 %, has been used effectively to explore codon usage variation in the genome of an organism. Wright (1990) suggested that a comparison of the actual distribution of genes with the expected distribution under no selection could be indicative of codon usage bias in genes where there are influences other than compositional constraints.
It is interesting to note that for all EV71 isolates, all points with high Nc values lie well below the expected curve and toward the (G+C) 3 %-rich area (Figure 1 ), suggesting that, apart from the dominant role of A+U compositional constraints, other factors might be influential in dictating codon usage variation. Interestingly, a significant correlation was found between (G+C) 3 % and CAI for EV71 (r = -0.39, P = 0.001) (Figure 2) . It indicates that the secondary structure of the coding sequence for EV71 caused by its nucleotide composition could play an important role in gene expression. In addition, there was no significant correlation (r = 0.075, P > 0.05) between ENC and CAI for all EV71 isolates, suggesting that there is no relationship between EV71 gene expression and its overall codon usage pattern and that nucleotide composition due to mutation pressure mainly determines codon usage pattern in this virus. 
Coordination of synonymous codon usage between EV71 ORFs and its hosts
Twenty-eight of 59 codons are similarly used in EV71 and human cells, including GCG for Ala, CGA, CGC, and CGU for Arg; AAC and AAU for Asn; GAA and GAG for Glu; CAU and CAC for His; CCG and CCU for Pro; ACA, ACC, and ACG for Thr; GGA and GGG for Gly; CUC for Leu; UCG, UCC, and UCU for Ser; UAC and UAU for Tyr; GUG and GUA for Val; AUU for Ile; and AAA and AAG for Lys. However, some codons in the EV71 coding sequence, including CGG for Arg, GGC and GGU for Gly, CUG for Leu, and CCC for Pro, have a different codon usage from the corresponding codons of human cells (Table 1 ). This result suggests that, although EV71 has co-evolved with humans for extended periods, mutation pressure still drives its evolutionary process to a large extent.
DISCUSSION
In general, previous reports have indicated that many viruses, including foot-andmouth disease viruses, influenza A virus subtype H5N1, severe acute respiratory syndrome Coronavirus (SARSCoV), and human bocavirus, preferentially use codons ending in C or G (Zhao et al., 2008; Zhou et al., 2010) . However, in the case of the EV71 virus, only a few studies have been performed on the synonymous codon usage pattern influencing its evolution. There is no doubt that evolution has shaped the EV71 synonymous codon usage pattern to cater for its need to infect host cells, its replication, and challenges caused by the host cell environment. In this study, interestingly, we found that for amino acids having at least two synonymous codons, some tend to be preferentially specified by codons ending in A or U, while others are predominantly specified by codons ending in C or G. These results suggest that the optimal codon usage pattern does not simply reflect the overall nucleotide composition, while composition limitations and mutation effects both play a role in the development of genetic variation in synonymous codon usage. One possible explanation to account for why EV71 has four types of optimal codons, compared with the optimal and rare codon usage patterns of host cells (Table 1 ), is that various patterns of synonymous codon usage are advantageous to EV71, which needs to replicate and express efficiently in host cells with potentially distinct codon preferences. The general view is that optimal codon usage increases the efficiency of translation (Andersson and Kurland, 1990; Zhou et al., 2011; Zhou et al., 2012) . Optimal codons are probably translated more efficiently than non-optimal ones, in that ribosomes slide faster along mRNA regions consisting of many optimal codons, and the ribosomes can be quickly released to translate other mRNAs. It is possible that, when codon usage in the EV71 virus does not follow that of the host cell, and even when the virus uses codons that are rare in human cells, this avoids competition with favored codons in the host cell. At the same time, the process of adaptation to the host can require the use of host-preferred codons by EV71 at other locations in its genome. This subtle strategy might enable the virus to proliferate. Furthermore, optimal codon usage always enables more efficient ribosome utilization, leading to a faster growth rate. This is especially true for genes with high expression levels, encoding mRNAs that can be translated more often, implying that some viruses that act as parasites probably evolve a synonymous codon usage pattern that follows the tRNA population of the host cells, at least in the case of viruses occupying certain niches in the host cells. Furthermore, the negative correlation between codon bias and (G+C) 3 % strongly implies that competition for tRNAs recognizing host cell-preferred codons could result in low yields of the EV71 virus before the virus can control host cells. This result also supports the idea that the virus adopts a variety of synonymous codon usage patterns.
In the current study, we analyzed the role of different evolutionary constraints that influence codon and amino acid usage patterns in EV71. We found that the gene expression level, mutation pressure, and translational selection operated in shaping codon usage variation in the isolates studied. Moreover, this study provides a comprehensive analysis of codon usage patterns and a basis for understanding the mechanisms determining codon usage bias that would aid in further study of the evolutionary mechanism, cloning, and heterologous expression of functionally important proteins.
